The objective of this techno-economic analysis (TEA) was to define the production cost of the microalga Tetraselmis suecica in a 1-ha plant made of "Green Wall Panel-II" (GWP®-II) photobioreactors. The study was based on an energy analysis carried out for a similar plant located in Tuscany (Italy) and considers the steps from inoculum preparation to the wet algal paste. Costs of equipment and materials were obtained from manufacturers and suppliers, while operating costs and output data (e.g. biomass composition and productivity) were collected during several years of trials at the Fotosintetica & Microbiologica S.r.l. facilities (Florence, Italy). Other data were obtained from Microalghe Camporosso S.r.l. (Imperia, Italy), where a commercial 1500-m 2 GWP®-I plant is in operation and two 250-m 2 GWP®-II modules were built and used in the framework of the EU project
Introduction 1
Despite the many advantages of microalgal technologies, the world annual production of microalgal biomass is less than 20,000 tonnes, mainly obtained in raceway ponds due to the lower investment necessary to build and operate open systems compared to closed reactors [1, 2] . However, raceway ponds suffer from many disadvantages, among which the use of high water volumes per unit area and contamination (by atmospheric pollutants and competing organisms) [1] [2] [3] . Closed systems (photobioreactors) reduce freshwater losses, allow to operate at higher cell concentration (which favors harvesting and decreases medium preparation and handling costs), and, above all, diminish the risks of contamination, which limits the value of the biomass, especially for the cosmetic and food markets [1] [2] . Finally, closed systems increase the number of algal species that can be cultivated outdoors [2] [3] .
Many economic analyses on microalgal biomass production have been published. Most of these studies have been performed for open systems [4] [5] [6] [7] [8] [9] or hybrid facilities where the photobioreactors are used to produce the inoculum, while mass production is carried out in open ponds [10] [11] . A few economic analyses have focused on closed photobioreactors [4] [5] [7] [8] [9] [12] [13] . These studies are not comparable because data on yields and costs refer to different culture systems, different strains and diverse environmental and social conditions. Some analyses are based on unrealistic productivities extrapolated from theoretical photosynthetic efficiencies, impossible to be attained with solar radiation [3] . Above all, with the exception of biofuels, these analyses in most cases do not target specific products. Other limitations of many economic analyses on microalgal biomass production are the lack of the necessary level of detail and the fact that they are based on small-scale plants and short-term studies, since commercial facilities do not willingly disclose their production costs. Finally, some of the published analyses do not consider location, which strongly affects productivity and influences costs (e.g. of manpower, equipment, electricity, fertilizers) and reliability of the operation (e.g. social and regulatory issues). However, when focused on specific target products and based on reliable input data, techno-economic analyses are very useful tools for strategic planning and can assist in evaluating the economic viability of algae-based processes.
The objective of the present TEA was to define with as much detail and certainty as possible the production cost of 1 kg (dry weight) of the microalga Tetraselmis suecica F&M-M33 cultivated in a 1-ha plant composed of "Green Wall Panel-II" (GWP®-II) photobioreactors. The study was based on a recent energy analysis carried out for a similar 1-ha GWP®-II plant [14] and considers all the cultivation steps, from inoculum preparation to the obtainment of the wet algal paste. Algal paste, fresh or frozen, can be used as feed, food ingredient, for probiotic production through lactic fermentation or for further extraction and purification of specific compounds (pigments, polyunsaturated fatty acids, vitamins, etc.). When required it can be dewatered by air-drying, spray drying or lyophilization. In order to increase the accuracy of this analysis, costs and lifespans of equipment and materials were obtained from manufacturers and suppliers, while operating costs and output data (biomass composition and productivity) were collected during several years of field trials at the Fotosintetica & Microbiologica S.r.l (F&M) experimental facilities in Sesto Fiorentino (Florence, Italy). Other cost and output data were obtained from Microalghe Camporosso S.r.l. (Imperia, Italy), where a commercial 1500-m 2 GWP®-I plant is in operation since 2009 and two 250-m 2 GWP®-II modules were built and used for research and demonstration in the framework of the EU FP7 project BIOFAT (http://www.biofatproject.eu/).
Description of the process
Technologies and operations described in the present analysis are based on those adopted by F&M and Microalghe Camporosso. The coast of Tuscany (Italy) was chosen for the plant location because its climatic conditions are similar to those of Sesto Fiorentino (Florence), where the experimental facilities of F&M are located. The 1-ha plant here described is composed of eight 1250-m 2 GWP®-II modules served by six main ancillary systems (Figs. 1, 2) with the following functions: 1 -culture circulation; 2 -growth medium preparation and supply; 3 -air and flue-gas supply, 4 -culture cooling; 5 -culture harvesting; 6 -parameter control and data storage. Each system is described in detail in the following paragraphs. There are some modifications in the process here analyzed with respect to that described by Tredici et al. [14] , where the energy balance of a 1-ha GWP®-II plant was reported. Among these:
1. Two submersible pumps (instead of one) are used for seawater withdrawal and transfer. 2. Eight blowers (instead of two) are used so as to operate the modules independently (e.g. for growing eight different algae). 3. Eight circulation pumps and eight external heat exchangers (instead of the internal cooling serpentine) are adopted to save energy for cooling-water pumping and simplify the installation and replacement of the plastic chamber. 4. PE is used instead of PVC for general piping. 5. The lifespan of the pumps and of the materials used for the photobioreactor has been increased in relation to their higher quality.
Schematic flow sheets of the complete 1-ha plant and of one of the eight modules composing the plant are shown in Figs. 1 and 2 . A list of main equipment and machines is reported in Table 1 . Fig. 3 shows a general view and a particular of a 250-m 2 GWP®-II module in operation at Microalghe Camporosso. Fig. 4 shows a GWP®-II plant under construction at Società Agricola Serenissima (Padua, Italy).
The GWP® photobioreactor
The Green Wall Panel (GWP®) is a flat disposable photobioreactor, designed and patented in 2004. The system is commercialized by F&M and currently used for research and demonstration in the EU FP7 projects BIOFAT (http://www.biofatproject.eu/), FUEL4ME (http://www. fuel4me.eu/), SPLASH (http://www.eu-splash.eu/) and MIRACLES (http://miraclesproject.eu/), and in the H2020 projects PHOTOFUEL (http://www.photofuel.eu/home.php) and NOMORFILM (http://www. nomorfilm.eu/), and for commercial production of microalgae at Microalghe Camporosso S.r.l. It is also adopted in R&D projects by several companies (in Chile, Portugal, Sweden, Saudi Arabia, Italy). The original design, the GWP®-I [15] [16] , has been improved in order to reduce its embodied energy and cost. In the new design, the GWP®-II [17] [18] (Figs. 3, 4) , the flexible culture chamber is contained within a rigid Fig. 1 . Scheme of the 1-ha GWP®-II plant and process flow sheet. The plant consists of eight 1250-m 2 GWP®-II modules (GWP_1 to GWP_8) served by four main pipelines: a) Fluegas (for flue-gas supply to the panels); b) Seawater (the pipeline that, fed by the submersible pumps, brings the seawater, after filtration, to the heat exchangers or delivers it to the storage tank where the growth medium is prepared; c) Nutrients (the pipeline used to transfer the fresh growth medium from the storage tank to the reactors) and d) Culture (the pipeline used to transfer the culture from the modules to the centrifuges).
frame made by a number of vertical stainless steel uprights directly driven into a wooden base and connected at the top by two horizontal stainless steel U-shaped bars. The removal of the grids (that characterized the GWP®-I) and the reduction of the height of the culture chamber from 1 to 0.7 m, allowed the adoption of a much lighter containment frame and a significant decrease in embodied energy and cost of the reactor. The culture chamber is made of a PAR-transparent (N90%) LDPE film (0.3-mm thickness). When in a vertical position and filled up to the top (0.7 m), the culture chamber has an average thickness (light path) of about 4.5 cm. Thus, one square meter of panel holds 45 L of culture, which corresponds to 31.5 L per linear meter of panel. Mixing, gas/ liquid mass-transfer and carbon supply are achieved by bubbling air or a CO 2 -enriched gas (e.g. flue-gas) through a perforated pipe, which runs at the bottom of the culture chamber. Thermoregulation is provided by circulating the culture through an external heat exchanger. The main advantages of the GWP®-II are easiness of operation, adaptability, suitability to fragile strains, the capacity to be scaled-up, and the low construction cost compared to other, especially tubular [12] , closed systems. A new design, the GWP®-III.A, is commercialized by F&M. In this last system, thanks to a pneumatic cylinder that automatically changes the panel inclination, light interception is optimized, energy consumption for cooling is reduced and both panel walls can be alternatively cleaned by bubble scouring. The 1-ha plant considered in this analysis is made of eight identical 1250-m 2 GWP®-II modules. Each module comprises twenty-four 48-m-long panels. The panels that form a module are hydraulically connected at both ends by PVC manifolds that ensure homogeneous distribution of the culture (Figs. 2, 3 ). The culture is circulated through the 24 panels belonging to the same module and the connecting manifolds by an open impeller pump (circulation pump). The circulation flow is shown in Fig. 2 
Air and flue-gas supply
In any photoautotrophic algal culture, carbon dioxide is necessary as source of carbon for the photosynthetic process and pH regulation. In the plant here considered, typically, CO 2 -enriched gas (e.g. flue-gas with 10-15% CO 2 ) is supplied to the modules according to pH and culture growth. Mixing (required to avoid sedimentation and ensure a suitable gas-liquid mass transfer) is obtained by air and/or gas bubbling. Each GWP®-II module is equipped with its own gas supply system (Figs. 1, 2) in order to independently regulate pH and bubbling rate. A three-lobe blower (7.5 kW) provides compressed (0.12 bar) air or flue-gas to the panels. The culture is bubbled at the flow rate of 0.
) during daytime, a rate sufficient to avoid sedimentation, ensure the desired light-dark cycle and remove the oxygen produced by photosynthesis. During the night the flow rate is decreased to 0.12 NL L
) to reduce electrical energy consumption. Bubbling rate is regulated by the blower frequency inverter. The power consumption for mixing was calculated as reported by Tredici et al. [14] . A main pipeline (PE 100 PN10) of decreasing diameter (O.D. 250-225-200-140 mm) delivers the flue-gas to the modules. When the pH value of the culture exceeds the set point, bubbling switches from air to flue-gas, until the pH reaches the pre-set value. In this work we have assumed that the source of the CO 2 -enriched gas (e.g. a power plant, a fermenter or an anaerobic digester) is available next to the algal plant. The lifespan of the blower and the PE pipeline for gas supply was assumed to be 20 years.
Culture cooling and circulation
Culture circulation allows for reducing the gradients of pH, temperature and nutrients and achieves cooling when the culture passes through the heat exchanger. After filtration (60-μm pore size), seawater (assumed to be available at close distance from the plant at an average temperature of 20°C) is pumped through the titanium plate heat exchangers (620 kWt), and then back to the sea by means of two submersible pumps (300 m 3 h ; 1 bar; 3.75 kW). When cooling is not necessary (e.g. in winter, in cloudy days or during the night) the culture flow-rate is reduced by acting on the circulation pump frequency inverter. The flow rate of the cooling seawater is regulated by the control system, which acts on the frequency inverter of the submersible pumps in function of the cooling needs, and besides opens/closes the inlet valve of the modules. The seawater flow-rate necessary to keep the optimal temperature mainly depends on solar radiation impinging on the panels and convective heat exchange between the panel walls and the air. The size of the cooling pipeline and the power of the submersible and circulation pumps to attain the necessary flow-rate of seawater and culture during hours of maximal irradiance was calculated as reported in Tredici et al. [14] . All the pumps are made of AISI 316 stainless steel to prevent corrosion. For these machines as well as for the PVC pipes and fittings needed for culture circulation a lifespan of 10 years was considered.
Culture harvesting
The plant is equipped with two centrifugal separators (Westfalia mod. SSD8; 4 m 3 h assumed for the separators. The obtained algal paste (about 20% dry weight) is collected and the exhausted culture medium is disposed of. Wastewater treatment costs were not considered as we assumed that the exhausted medium contains negligible amounts of nutrients and that, after centrifugation, suspended solids and organic load in the exhausted medium are below the thresholds for discharge in the sea according to national and regional regulations.
Growth medium preparation and supply
Nutrients (technical grade fertilizers containing N and P) are daily added to the cultures according to productivity and the N and P content of the biomass. A concentrated nutrient stock solution is prepared in two HDPE 1-m 3 tanks (Fig. 1 ) and delivered to the growth medium tank (a 50-m 3 galvanized steel tank lined with a PVC membrane for insulation) by means of a centrifugal pump (4.8 m 3 h − 1 ; 2.4 bar; 0.75 kW). Natural seawater is pumped by means of one of the submersible pumps described above to a filter (60-μm pore size) and then to the medium tank, where the growth medium is prepared and stored ( ; 2.7 bar; 5.5 kW) is then used to transfer the growth medium from the 50-m 3 storage tank to a filter
(1-μm pore size) and then to the modules through the dedicated pipeline (PE 100 PN10; O.D. 75 mm). The lifespan of these pumps was assumed to be 10 years.
Parameters control and data storage
An industrial PLC system continuously measures and regulates pH and temperature of the cultures by activating the different valves and by regulating the rotational speed of the submersible pumps, of the blowers and of the frequency-controlled circulation pumps. Each module is independently controlled, thus allowing cultivation of the same algal strain under different conditions or of different (up to eight) algae at the same time. Each module is also provided with a paddlewheel flow-meter for measuring cooling water consumption. Two thermal mass flow-meters, installed on the main flue-gas pipeline, measure total flue-gas consumption.
Cost calculation methodology
The costs of the process (production of T. suecica biomass in a 1-ha GWP®-II plant) were divided into capital (CAPEX) and annual operating costs (OPEX). Contingencies and decommissioning costs were not considered. The sum of OPEX and total fixed capital costs per annum was divided by the annual biomass productivity to obtain the cost of 1 kg (dry weight) of biomass produced as wet paste (20% dry weight). A detailed description of the incurred capital and operating costs is reported below. According to the quantity and quality of technical information available and the level of design, the present cost analysis can be classified between a preliminary and a definitive estimate, with an accuracy within ±15% [19] .
Calculation of capital costs (CAPEX)
CAPEX are costs incurred to acquire and install the necessary machinery, equipment, piping, controls and services. Capital cost per annum is considered here from an engineering viewpoint as the initial value of the asset divided by the service life or lifespan (years) of the asset itself applying the straight-line depreciation method [19] . The salvage (residual) value of all the tangible assets used was considered to be zero. The value of purchased land was not depreciated, since it usually does not decrease with time and use [19] . Intangible assets (e.g. patents) were not considered. We assumed that in the location where the plant is to be built, infrastructures (electricity, water supply, roads and other services) were available.
Capital costs can be divided into direct and indirect costs. Direct costs represent monetary expenses incurred in the purchase of all the materials and equipment necessary for running the plant. The indirect capital costs considered in the present analysis were: engineering & supervision, installation, taxes & insurance. Taxes & insurance were estimated to be 1% of direct capital costs plus land [19] . Engineering & supervision and installation were estimated to be 5 and 10% of direct capital costs [19] . All the indirect capital costs were distributed over the 25-year lifespan of the plant. An interest rate of 5% was assumed, which for a 10-year loan with an equity of 40%, amounts to 17.7% of total fixed capital costs including land. The total amount of interest in the ten years was distributed over the 25-year lifespan of the plant. In order to guarantee a satisfactory accuracy (± 15%) of the analysis, costs of materials and equipment were directly obtained from manufacturers and suppliers. Lifespan of machinery, i.e., the period during which the component is economically usable, was estimated according to our experience and communications by manufacturers and suppliers, assuming that machines are subjected to adequate maintenance.
Calculation of operating costs (OPEX)
OPEX are those expenses incurred as a result of normal operations. OPEX have been divided into direct (labor, fertilizers and chemicals, electrical energy and consumables) and indirect (maintenance, overhead and administration) operating costs.
Labor
The 1-ha GWP®-II plant was designed so as to minimize manpower, thus several operations have been automatized. However, plant maintenance and algae cultivation still require a great deal of human skill and practice. According to our experience six employees with different roles and retributions are required to operate the facility. These are a plant supervisor responsible for work coordination, a biologist responsible for monitoring all aspects related to cultivation (culture health, formulation of the growth medium, determination of harvesting time, nutrient replenishment, etc.) and four workers in charge of growth medium preparation, harvesting, culture sampling and routine analyses, ordinary and extraordinary maintenance, and surveillance. Personnel are one-shift, full-time and year-round employed, although the cultivation period lasts only eight months a year. During the non-operative months personnel are in charge of inoculum maintenance, plant maintenance and up-grade, marketing, etc. Labor costs were calculated from average costs for each category in Tuscany (Italy) [20].
Electrical energy
The electrical energy required for daily machinery operations was calculated multiplying the power absorbed by each machine (pumps, blowers, centrifuges, etc.) by its operation time. Absorbed power for each machine was directly measured in existing plants at F&M and Microalghe Camporosso or calculated according to design parameters as indicated in Tredici et al. [14] . A cost for electrical energy (industrial use) of €0.175 kWh −1 was assumed [21].
Fertilizers, chemicals and consumables
Microalgae, as other organisms, need several macro-and micronutrients to grow. Seawater provides many of them in sufficient amount. In general, only carbon, nitrogen, phosphorus and iron need to be added to the seawater-based medium to ensure maximum productivity. Nutrients are supplied as inorganic salts (technical grade), except carbon, which is furnished during daylight hours by bubbling fluegas into the culture. The amount of fertilizers used was calculated from biomass productivity considering an average content in T. suecica F&M-M33 of 7% N and 0.7% P. A nutrient uptake efficiency of 100%, that can be achieved by carefully modulating the addition of nutrients according to algal growth, was assumed. Since the plant is located within an industrial area next to a flue-gas generator, the cost of flue-gas cooling, treatment and transfer to the plant battery limits was considered negligible. The cost of flue-gas distribution (energy consumption, piping, etc.) from the plant battery to the reactors was instead included. Other chemicals, mainly for cleaning and disinfection of the panels, are regularly used (for example NaClO, HCl) and were here taken into account. Among consumables we have included pH probes, temperature sensors and filter cartridges for air/flue-gas and seawater. The plastic culture chamber, although changed every year, was included in direct CAPEX.
Maintenance, overhead and administration
A programmed maintenance of photobioreactors (including cleaning and repairing of the polyethylene chamber) and of the machinery is needed for correct plant functionality. An annual cost of 5% of direct CAPEX was assumed for maintenance [19] . Overhead and administration costs were both considered 10% of direct OPEX.
Biomass production

The microalga
Tetraselmis suecica is a marine green flagellate of the class Prasinophyceae, division Chlorophyta. When grown under optimal conditions T. suecica F&M-M33 has a 40-50% protein content and about 20% lipids [22] . Under nutrient stress (e.g. nitrogen deprivation) it accumulates mainly carbohydrates. One of the most important applications of the microalga is in aquaculture for rearing zooplankton and larval stages of marine fish, bivalve mollusks and crustaceans [23] . Due to its high content of good quality protein, vitamins and polyunsaturated fatty acids and its probiotic activity [23] , this organism represents an alternative ingredient for animal feed preparation. Active ingredients extracted from this microalga are currently used in the development of novel cosmetic formulations [24] . It has also potential for carbon dioxide fixation in combination with biofuel production [3] .
Biomass productivity
Given the chosen location (Tuscan coast, Italy) the cultivation season was limited to the eight sunniest months (from March to October). Based on productivity and solar radiation data collected in previous years at the F&M experimental plant in Sesto Fiorentino, we calculated the relationship between productivity (g m −2 panel area d (Fig. 5) . Total solar radiation intercepted by the panels per unit plant area was calculated from the global solar radiation on the horizontal (average of the last 50 years) at the Tuscan coast latitude (http://re.jrc.ec.europa.eu/ pvgis/) using equations reported by Kreith and Kreider [25] . The average productivity for the eight operation months was 15 g m
, corresponding to an annual yield of 36 tonnes of dry biomass (collected as wet paste at 20% dry weight) per hectare. With T. suecica F&M-M33 limited biofouling occurs and monthly cleaning of the culture chamber suffices. Since cleaning is carried out during night, productivity is not affected.
Results
A detailed description of capital and operating costs is reported in the following paragraphs.
Direct capital cost
The GWP®-II photobioreactor
The 1-ha GWP®-II plant is composed of eight 1250-m 2 GWP®-II modules, each consisting of twenty-four 48-m-long panels. Materials necessary to build the panels and their costs are listed in Table 2 . The stainless steel uprights represent the most expensive component of the panel (more than half of the total cost), but given their long lifespan (25 years), their annual capital cost (€1444) is similar to that of the culture chamber (€1382) and of the wooden base (€1190) ( Table 2) . Since, to be on the safe side, we consider it necessary to change the polyethylene chamber every year, this component becomes very expensive in terms of annual capital cost. The expenses for the remaining components of the GWP® module are minor. The eight modules composing the 1-ha plant cost in total €505,320 and have an annual capital cost of €35,225 (Tables 2, 6 ).
Piping, fittings, valves and tanks
The most expensive pipelines are those for culture circulation (€49,721) and air/flue-gas supply (€46,329) ( Table 3) . Cost of piping for harvesting is minor. The total cost of piping (including fittings and valves) for the 1-ha GWP® plant amounts to €140,945 with an annual capital cost of €9534 (Tables 3, 6 ).
Machinery and equipment
This category includes all the mechanical components and equipment (heat exchangers, pumps, blowers and centrifuges) used to produce and process the algal biomass in the 1-ha plant. The most expensive machines are the eight heat exchangers (€129,792) and the two Westfalia centrifugal separators (€112,000). The total capital expenses for this category amount to €376,504. The annual capital cost is €22,321 (Tables 4, 6 ). 
Electrical equipment, instrumentation & control system
One industrial control system (PLC) serves the eight modules. The system, including pH and temperature controllers, switches, fittings, grounding, wiring and the electrical cabinet, costs €233,000. Gas and liquid flow-meters cost €29,328. The total cost of the control system and electrical equipment is €272,728, with an annual capital cost of €13,293 (Tables 5, 6 ).
Field laboratory and land
A microbiological field laboratory within a portable shipping container and an inoculum preparation room for a total cost of €50,000 were considered. Other buildings and civil engineering works are not included. Service life for the laboratory and the inoculum room was estimated to be 25 years for an annual capital cost of €2000 (Table 6 ). Land cost was estimated to be €100,000 and was not depreciated (Table 6 ).
Indirect capital cost
Total indirect capital costs, which include engineering & supervision, installation, and taxes & insurance were estimated to be €216,280 with an annual capital cost of €8651. Total capital investment amounts to €1,661,777. Considering interest the annual total fixed capital cost is €101,260 (Table 6 ).
Operating cost (OPEX)
Labor
Labor costs are shown in Table 7 . Salaries were taken from average labor costs in Tuscany (Italy) for each category [20] . The total annual cost of labor amounts to €179,400.
Fertilizers
The amount and cost of technical grade N and P fertilizers needed to sustain a production of 36 tonnes of T. suecica biomass are shown in Table 8 . The requirement of sodium nitrate is about 15 tonnes per hectare per year [14] , for a total expense of €6120. The expense for sodium dihydrogen phosphate is much lower (€1500). The total cost for fertilizer purchase is €7620 per year.
Electricity
The major electrical energy expenditure encountered in the plant is that for the blowers (128,784 kWh y −1 ) that operate continuously (5760 h per year) during the 240-day cultivation period ( Table 9 ). The daylight (10 h on average) hourly energy consumption of the eight blowers is on average 30 kWh. During the remaining period (14 h on average), the hourly energy consumption decreases to 16.9 kWh thanks to the reduction of bubbling from 0.22 to 0.12 NL L −1 min −1
. Annual electrical energy consumption of the two submersible pumps mainly used for seawater withdrawal and circulation is 25,200 kWh. They operate for 1680 h per year (7 h per day on average) at an hourly consumption rate of about 15 kWh. An important electrical consumption (35,040 kWh y
) is represented by culture circulation. As described earlier, each module is provided with an open impeller pump that circulates the culture for the whole day through the panels and manifolds and the heat exchangers. Since the rotational speed of the pumps is frequency controlled, energy consumption is optimized. The energy consumption of the pumps used to transfer the medium or the culture represents a minor expenditure. The two centrifugal separators, with a nominal hydraulic capacity of 6 m 3 h , consume 9.5 kWh per hour and work for 10 h per day, leading to an annual consumption of 22,800 kWh. Given the annual energy consumption of the different machines and the average cost of industrial electricity in Italy [21], the total electrical energy expenditure amounts to €37,526. By far the major cost is that for culture bubbling (€22,537) ( Table 9 ).
Consumables, maintenance, overhead and administration
In this study we have considered necessary to replace every year pH probes, temperature sensors, and filters (for water and air/flue-gas). Although filter housings can be sterilized, it is advisable to replace the cartridges every year to prevent contamination or machinery damage. An annual expense of €5000 for purchasing disinfecting agents and other chemicals required for cleaning the reactor was also assumed. Total cost of consumables, besides fertilizers, amounts to €6980 (Table 10) . The cost for tap water purchase was not considered. Worn or broken parts of the reactors and of the ancillary equipment need to be replaced to guarantee proper work. These costs were included in maintenance which amounts to €67,275 (Table 10 ). Finally, both annual overhead and administration costs amounted to €23,153 (Table 10) . Total OPEX were €345,107.
Biomass production cost
Given total OPEX of €345,107 and a total fixed capital per annum of €101,260, the total annual cost for plant operation is €446,367, which, with an annual productivity of 36 tonnes (dry weight), leads to a T. suecica biomass unitary cost of €12.4 kg −1 . Labor contributes for €5, maintenance for €1.9, electricity for €1, capital costs for €2.8.
Prospects of improvement
Estimated production costs of algal biomass in commercial facilities range from about $5 to over $1000 kg −1 [26] , with the lowest cost for
Dunaliella salina grown in very large natural ponds in Australia and
Arthrospira cultivated in open raceways in India and China. Cost of production in commercial closed reactors averages €50 kg − 1 , much depending on the productivity of the species cultivated. Thus a cost of €12.4 kg −1 for T. suecica biomass produced in the GWP®-II is unexpectedly low, considering the fact that the cultivation is not carried out in the best climatic conditions. This cost does not enable the use of the biomass as feedstock for commodities (food, feed, biofuels), but would make largely profitable many other commercial applications. We have assumed that significant cost reductions would be achieved by: 1 -integrating the GWP® with photovoltaic (PV); 2 -cultivating a thermo-tolerant strain that requires no cooling; 3 -scaling up the plant to 100 ha; 4 -deploying the plant in a more suitable location where cultivation can be carried out along the whole year. All these potential improvements have been analyzed by reiterating the TEA with the same methodology used for the base case (1-ha plant in Tuscany with cooling).
Using energy consumption and productivity data obtained at F&M facilities with GWP®-II reactors integrated with PV elements, a NER analysis was carried out, which showed a substantial benefit of the integration (the NER increased from 0.8 to 1.7) [14] . However, PV integration does not lead to an economic benefit of analogous importance. Considering for PV a cost installed of €2.6 per Wp [27] and the need of 250,000 Wp to provide the electricity required to run the 1-ha plant, PV integration will increase total direct capital costs of about €650,000. Despite that in the PV integrated GWP®-II plant all the electrical energy will be autonomously produced without using extra space (the PV strips would be directly applied on the panel surface as we successfully tested at pilot scale), the biomass unitary cost will not change significantly. It is foreseen that the cost of PV cells will halve in 2020 [28] . In this case the biomass cost in the PV integrated GWP®-II will decrease to a level which could make the integration worthy. In case our selected algal strain grows well up to 45-50°C, by adopting a particular orientation and inclination of the panels and, eventually, emergency cooling by spraying seawater on the panels with crop irrigators (sprinklers), the cooling system can be removed (Sampietro and Tredici, unpublished). Thus, a thermo-tolerant strain will allow significant reductions both in CAPEX and OPEX bringing the biomass cost to €11.1 kg −1 (Table 11) .
At 100-ha scale total CAPEX per hectare can be reduced of about 30% compared to the 1-ha scale. This CAPEX reduction per hectare was obtained using Eq. (1) [12] for scaling-up by a factor of ten (from 1 to 10 ha) and further scaling up of another ten factor (up to 100 ha) by multiplying the number of units. The need of personnel in the 100-ha plant was estimated to be 1 plant supervisor, 10 biologists/technicians and 40 field workers. Half an employee per hectare is a much higher workforce than that adopted in two recent analyses on plant based on closed reactors at the same scale [4, 13] . The electricity cost at 100-ha scale was reduced from €0.175 to €0.145 kWh −1 in relation to the increased annual consumption [21] . Similarly to CAPEX, costs per hectare of fertilizers and other consumables were reduced of 30%. With these assumptions, that we consider conservative, the final cost of the a The cost for seawater pumping includes a fully-equipped pump station (pumps, support structure, electrical connection, dedicated piping, valves). 
In the case of a 1-ha plant deployed in a more suitable country (e.g. Tunisia), we have made the following assumptions: 1 -daily productivity remains at 15 g m −2 land area d −1 and the cultivation period is extended to 360 days per year, leading to an annual production of 54 tonnes ha −1 ; 2 -total CAPEX do not change; 3 -OPEX increase from one side in relation to the longer cultivation period and the higher amount of biomass produced, but significantly decrease from the other side because labor cost per unit of personnel are halved [29] and electricity cost decreases to €0.08 kWh −1 [29] [30] . Given an annual productivity of 54 tonnes, total fixed capital per annum of €101,260 (same as in the base case in Tuscany) and total OPEX of €232,073, the biomass unit cost in Tunisia at 1-ha scale will be €6.2 kg
. If we use a thermo-tolerant strain the biomass cost will decrease to €5.4 kg . Finally, in case of the 100-ha plant the biomass cost will be €3.2 and €2.6 kg − 1 with cooling and without cooling, respectively. The biomass cost in the different situations is shown in Table 11 . This TEA shows the relative contribution of the different factors to the final biomass cost and how they change with scale and location. The percent contribution to the final biomass cost of the main components (considering only the plant with cooling) in the different scenarios is reported in Table 12 . The main costs of microalgae biomass production in Tuscany (base case) are labor (40% of total costs), capital costs (23%), maintenance (15%) and electricity (8%). Any improvement that, besides increasing productivity, reduces the need of human resources (e.g. by means of higher automation) and CAPEX will have a profound impact on biomass production cost. At large scale (100 ha), the main cost becomes capital cost (39%), followed by maintenance (25%), electricity (18%), while labor represents only 8% of total costs. Thus at large scale the main objective should be reducing capital investment. Locating the plant in Tunisia halves the biomass production costs, increases the impact of capital cost (31%) and diminishes that of labor (27%). At large scale in Tunisia, the total biomass cost is halved again and the major cost remains capital (41%). Hence the importance of keeping capital cost low in this location, especially at large scale. In all the scenarios the sum of capital cost, maintenance, electricity and labor (a + b + c + d in Table 12 ) represents more than 85% of total costs.
Discussion
In the different commercial applications that involve microalgae, the influence of the cultivation system on biomass costs is generally considered to be a heavy one. The cost for building the GWP®-II photobioreactors (without ancillary equipment and piping but including manifolds) in the base case (1-ha) was about €55 m −2 , i.e. about 15% of tubular photobioreactor cost [12] and not very distant from the cost of lined ponds. A well-designed raceway pond, in fact, requires accurate land leveling and a weathering resistant liner, which covers the entire pond area, ending in an expense not far from €20 m −2 [2, 31] .
When ancillary equipment and indirect capital costs are considered the capital expenses for the GWP®-II plant almost quadruple. However, it is worth noting that part of these machines and equipment will also be required in a raceway-based plant and, in the end, the installation costs of pond-and photobioreactor-based plants do not differ much [4, 7] . In a recent TEA in which three technologies (panels, tubular reactors and ponds) were compared for two different locations (Spain and The Netherlands), flat panels allowed the lowest biomass production cost [4] . Our analysis shows that, with the GWP®-II technology, T. suecica F&M-M33 can be produced in Tuscany at €12.4 kg
. This cost is twice that reported by Norsker et al. [7] for a 1-ha panel-based plant in the Netherlands with an annual productivity of 64 tonnes per hectare. The two studies are however not comparable, since they differ widely in terms of contribution of the different cost factors and estimated productivity. Norsker et al. [7] foresee that biomass production cost may decrease to €0.7 kg − 1 at the 100-ha scale in optimized conditions (increased productivity, minimum mixing, free CO 2 and nutrients, suitable location). According to our analysis, algal biomass costs lower than €1 kg −1 will not be attained in the near future in the absence of breakthroughs in strain characteristics (biological productivity) and cultivation technologies (engineering parameters). In a recent paper by Chauton et al. [4] , in which similar conclusions are reported, panels are considered the design most susceptible to future optimization. Production costs ranging from €0.4 to €25 kg
, depending on algal strain and assumptions, have been recently reported for microalgae produced at large scale (N1 ha) in closed systems [7, 10, 26] . The results of our analysis, which shows costs varying between €3.2 and €12.4 kg −1 depending on scale and location, stand in this range. Much higher production costs were reported by Acien et al. [12] for the production of Interest is applied at a rate of 5% to the sum of TDC and Land for a 10-year loan, with 40% equity and payments at the end of the period. Scenedesmus almeriensis, a freshwater microalga, in a small (420 m 2 ) facility located in Southern Spain. The merit of the Spanish study is related to the fact that input data were derived from real equipment and utility costs without any approximation or extrapolation. The plant, based on ten 3-m 3 tubular fence-type bioreactors, operates continuously along the year. Despite the very high productivity (3.8 tonnes y − 1 , corresponding to 90 tonnes ha −1 y −1 ), the final biomass cost (after freeze drying) was €69 kg − 1 . The main causes of this high cost were very high labor (51.6% of the total) and capital (42.6% of the total) expenses. Total CAPEX in this plant surpassed €1000,000, despite its small size. According to Acien et al. [12] by optimizing the process (reduction of personnel to one man per hectare, removal of freeze drying plus other simplifications) and scaling up production to 200 tonnes y −1 (which will require an area of 2.2 ha) a production cost of €12.6 kg −1 can be achieved. Our study shows that the same cost per unit biomass can be attained in Tuscany in the 1-ha GWP®-II plant despite the lower productivity. This positive result of our study is mainly due to the simplified design and lower cost of the GWP®-II plant in comparison with the tubular system used in Spain.
Conclusions
Using conservative assumptions we estimated a cost of algal biomass production at 100-ha scale of about €5 kg − 1 in Tuscany and €3 kg − 1 in more suitable countries. Given the peculiar biochemical composition of some marine microalgae that are rich in pigments, active molecules, polyunsaturated fatty acids and minerals, this TEA confirms that microalgal technologies have high commercial potential not only for high-value (e.g. cosmetics and aquaculture), but also for mediumand low-value products (e.g. fortified and nutritional foods). With soybean at less than €0.35 kg −1 and wheat and maize at less than €0.2 kg −1 [32] , the production of algal biofuels, protein, food and feed seems currently out of reach. However, the global scenario of agriculture commodities is rapidly changing and other factors, besides a pure economic evaluation, will assume greater importance and rise public concern in the future [33] . These include the use of non-renewable resources, such as soil and freshwater, the impact on the environment and on human health, social and political implications. A fair comparison of algal and agricultural techniques used in the production of our most needed commodities (food, feed, biofuels) will require a correct evaluation through reliable LCAs of the negative externalities of both traditional crops and large-scale algal cultures.
Definitions
Plant (in the present study): all the equipment, photobioreactors, machines, buildings, instruments, controls and services necessary for the production of algal biomass. In the present study the plant occupies a total area of 1-ha and is composed of eight GWP®-II modules.
GWP® photobioreactor: disposable flat-shaped closed cultivation system called Green Wall Panel.
GWP® module: an autonomous production unit representing 1/8 of the 1-ha production area. It includes twenty-four 48-m long GWP®s, piping and instrumentation necessary for its operation. Each module is hydraulically independent from the other. It does not include machines and services (like centrifuges, submersible pumps and PLC control system), which are common to the whole plant.
Panel: the LDPE culture chamber, where the photosynthetic process occurs, and its enclosing framework with air bubbling pipe and valves.
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